lAPQ1, is resistant to a wide variety of drugs, but not to the gentamicin componepts. This phenomenon is plasmid mediated and can be explained by the presence of a nucleotidyltransferase that catalyzes the esterification of the 4'-hydroxyl function of these aminoglycoside antibiotics (5, 7) . The second group of -these S. aureus strains h,Pai has a different resistance profile. There is a specific resistance to the 4,6lycqsidically linked deoxystreptamine aminoglycoside antibiotics in mikacin whereas the neomycin components are protected against this inactivation process.
A plasmid, which we refer to as R. Palm, mediating this resistance was identified (13) previously by ultracentrifugation and curing experiments. A similar resistance pattern has also been reported by British workers (11) .
We now describe the biochemical characterization ofthis resistance phenomenon. Two digested by lysostaphin in the usual way (0.5 nwg of lysostaphin per g of bacteria) (3). The resulting crude preparation was treated with deoxyribonuclease and centrifuged at 20,000 x g for 30 min; the resulting supernatant was used in the preliminary study of enzyme activity. The enzymes were partially purified by ultracentrifugation of the supernatant for 2 h at 200,000 x g, followed by affinity chromatography on a column of immobilized gentamicin (8, 10) , or by affinity chromatography directly, as shown in Fig. 1 . The purity of the enzyme preparations was checked by electrophoresis after treatment with sodium dodecyl sulfate.
Assays of enzymatic activity. Enzyme extraction Molecular-weight determination. The experiment was conducted on indubiose acrylamide ACA-5-4 (900-by 22-mm column). The elution of the enzyme was performed in the following buffer: 0.01 M Tris-hydrochloride, 0.01 M MgCl2, 0.06 M NH4Cl, 6 mM 3-mercaptoethanol, 10% glycerol, and 0.1 mM kanamycin A, pH 7 to 5. Glycerol and kanamycin A were added to the eluting buffer to stabilize the enzyme. Since kanamycin is a substrate for both activities, the activities can be detected by the classical phosphocellulose paper binding assay without adding antibiotic. The elution pattern of the column was checked with bovine serum albumin, ovomucoid, chymotrypsinogen, myoglobin, and cytochrome c.
Electrofocusing determination. The isoelectric points of the enzymes were determined by using an LKB 81 101 apparatus. The ampholines had a pH range from 3 to 10. Electrofocusing was performed at 4°C, during a 3-day period, and under 800 V, the maximum energy applied to the column being 3 W. The enzymatic activity was located by using sisomi- Structural determination. The mass spectra were determined on an MS 30 spectrometer at 10 eV and 200°C (2) . The proton nuclear magnetic resonance (NMR) spectra were determined in D20 at 90 MHz, using a Brucker instrument (12) .
RESULTS
Resistance spectra. The resistance of S. aureus R. Palm to a variety of aminoglycoside antibiotics is shown in Both enzymes were partially purified by affinity chromatography on a column of insoluble gentamicin (Fig. 1 ). This technique was first developed in our laboratory (8, 10) and then widely used by other groups (1, 14, 15) . The phosphotransferase and the acetylase were obtained in a fairly pure form, since the enzymatic activities were found in a zone where ultraviolet absorption was very low and between two peaks represenbing, respectively, those substances that have zio affinity for the column and the bacterial ribosome (9) .
The purity of the preparation was checked by electrophoresis after treatment with sodium do- The isoelectric point of the enzyme was found to be 5.7, which is quite close to the value of 5.1 for that of AAC(6') I, the biosynthesis of which is directed by the plasmid R5. Its molecular weight, determined by gel filtration, was found to be 28,000.
Since there were slight differences in the isoelectric points and in the substrate ranges of the enzymes, especially with regard to neomycin B, indicating that the enzymes may be different forms, we decided to study the elution profile of AAC(6') I and the enzyme under study on a column of immobilized gentamicin (8) . The elution pattern obtained (Fig. 2) shows clearly that both enzymes had quite different affinities for the column.
Characterization of the phosphotransferase: properties and structual determinations of phosphorylsisomicin. The phosphotransferase activity was also purified by affmity chromatography before it was studied from physicochemical and kinetic points of view. The enzymne was retained by the column similarly to the acetyltranferase and was obtained in a fairly pure form, as shown by electrophoresis experiments (10 bands). Different aminoglycosides were assayed as possible substrates ofthis enzyme (Table 2) . Surprisingly, the enzyme had a high specificity for the gentamicins.
Since neither the neomycin components nor neamine is recognized by this enzyme (Table 2) , phosphorylation might occur on the A" ring of these aminoglycosides. Since the kanamycins and tobramycin are also recognized by the enzyme, it is highly probable that the 2"-hydroxyl fimction is involved in this phenomenon. To verify this assumption, sisomicin (60 mg) was inactivated by incubation of the drug with [vy-32P]ATP (130 mg) and the purified enzyme in 100 ml of 0.025 M Tris buffer (pH 7.6), 0.025 M MgCl2, 0.025 M NH4Cl, and 0.015 M ,B-mercaptoethanol. Incubation was for 18 h at 35°C, and the product was then purified by ion-exchange chromatography on a Bio-Rad column (100/200 mesh) (NH4+ form). After the column had been washed with 5 liters of water, a gradient of ammonia was used as eluant. The phosphorylated sisomicin (detected by its radioactivity) was eluted with 0.014 M ammonium hydroxide. It was finally obtained as a pure compound after thick-layer chromatography on silica gel (methanol-ammonia, 3:1) . It is a white, amorphous compound.
Thin-layer chromatography on silica gel (methanol-ammonia, 3:1) showed that (---) acetylating activity. The enzyme was eluted with 02 M KCI. (b) Affinity chromatography of a mixture ofAAC(6') I and the new AAC(6'). A buffer consisting of5 mM MgCl2, 5 mM KC1, and 6 mM ,t mercaptoethanol was applied to the column until the first peak was eluted, and then a gradient ofKCI in 10 mM MgC12, 10 mM KCI, and 6 mM ,-mercaptoethanol was used as eluant. Conditions in (a), avoiding coelution of the first peak and AAC(6') I, cannot be used because they lead to denaturation of the new AAC(6'). Symbols: (-) LW absorption; (----) acetylating activity at AAC(6') I; (---) acetylating activity of the new AAC("); (. ) phosphorylating activity. AAC(6') I is not retained by the column. The new acetyltransferase is eluted with 0.6 M KC1.
0.3) clearly distinct from sisomicin (Rf = 0.5).
Phosphorylsisomicin showed no significant activity against wild-type strains of Escherichia coli. The mass and proton NMR spectra of the phosphorylated derivative were compared with those of sisomicin (2, 12) . The mass spectrum of sisomicin had characteristic fragments at mWe 191,145 (deoxystreptamine), 127,110 (4',5'-dehydropurpurosamine), and 160 (garosamine). All these fragments were found in the mass spectrum of the phosphorylated derivative except the peak at m/e 160. This indicates that phosphorylation had occurred on this fragment on either the 2"-or the 4'-hydroxyl function.
The proton NMR spectrum of sisomicin (12) had characteristic signals at 1.18 ppm (the 4'-CH3) and 2.48 ppm (the 3-NH-CH3). The signal at 1.18 ppm remained in the phosphorylated derivative, indicating clearly that phosphorylation had not occurred on the 4'-hydroxyl function, whereas the signal at 2.48 ppm was shifted downfield to 2.63 ppm, indicating that esterification by the phosphate group had taken place near the 3"-amino group. On this basis, we can conclude that this new enzyme is able to phosphorylate especially the gentamicin components on their Z'-hydroxyl function.
DISCUSSION
We have analyzed the enzymatic content of an S. aureus strain that is resistant to almost all the aminoglycoside antibiotics of the gentamicin-kanamycin group and sensitive to the neomycin components.
We were able to pinpoint by affinity chromatography, from a crude extract of the resistant strain, two enzymes. One is an acetyltranferase that acetylates the 6'-amino group of those antibiotics. Many enzymes of this type have been previously isolated by different laboratories, and a comparison of them has recently been reported by Haas et al. (4) . Logically, this new enzyme should be named AAC(6') IV, for it is different from AAC(6') I (substrate range, isoelectric point, behavior in affinity chromatography), from AAC(6') 1 (6) , which has an isoelectric point of 7.5, and from the 6'-acetyltranferase described recently by Haas et al. (4) in regard to substrate range. However, it is tremendously difficult to compare these enzymes, for most of them have been studied and assayed under different laboratory conditions.
We have also described the characterization of another enzymatic activity from S. aureus R. Palm. It phosphorylates the 4,6-glycosidically linked aminoglycoside antibiotics. Determination ofthe structure of the p4osphorylated antibiotic (phosphorylsisomicin) by mass and proton NMR spectrometry shows clearly that the Z'-hydroxyl function is the site for this enzymatic reaction. Comparison of the efficiency of different aminoglycosides as substrates for this enzyme demonstrates that the phosphotransferase has a high specificity toward the gentamicin components, whereas the kanamycins (including tobramycin) have one-fifth the efficiency of gentamicin. The isoelectric point of the enzyme was shown to be 5.8, and its molecular weight determined by gel filtration was 28,000. Of course, this last result does not mean 30 LE GOFFIC ET AL.
that the enzyme cannot exist in an oligomeric form.
Thus the phosphotransferase from S. aureus R. Palm catalyzes phosphorylation of the 2'-hydroxyl group of the gentamicins; this is a new form of enzymatic inactivation-modification occurring in clinical isolates of resistant bacteria.
